The objective of the present work was to determine the effect of pretreatment by extrusion on the biogas and biomethane yield of lignocellulosic substrates such as maize silage and maize straw silage. The biogas yields of the substrates before and after treatment were compared. Moreover, energy efficiency of pretreatment by extrusion was analyzed in order to assess the applicability of the process in an agricultural biogas plant. Extrusion tests were carried out in a short single-screw extruder KZM-2 in which the length-to-diameter ratio of the screw was 6:1 and rotational speed was 200 rpm. The biogas yield tests of the plant substrates after extrusion were carried out in a laboratory scale, using 15 biofermenters operated in a periodic manner, at a constant temperature of 39°C (mesophilic digestion) and controlled pH conditions. The gas-emission analysis was performed using a certified gas analyzer from Geotech GA5000. Pretreatment by extrusion was observed to improve the quantity of methane generated: in terms of fresh matter for maize silage subjected to extrusion, the methane yield was 16.48% higher than that of the non-extruded silage. On the other hand, maize straw silage after extrusion gave 35.30% more methane than did the same, non-extruded, material. Differences in yields relative to dry organic matter are also described in this paper. Taking into account the amount of energy that is spent on pretreatment and the generated amount of methane, the energy balance for the process gives an idea of the economics of the operation. For maize silage, energy efficiency was lower by 13.21% (-553.2 kWh/Mg), in contrast to maize straw silage, where the increase in energy was 33.49% (678.4 kWh/Mg). The obtained results indicate that more studies on the pretreatment and digestion of maize silage are required in order to improve the efficiency of its use for making biogas. To fully utilize its potential, it is necessary to know thoroughly the effect of the extrusion process and of biogas production on energy efficiency at different conditions.
INTRODUCTION
New biogas substrates are sought now and again to be used as successful replacements for maize silage. Maize silage as a substrate for the obtaining of biogas, even though characterized by high biogas yields in the range 200-250 m 3 / Mg FM , is not the optimum starting material for use in agricultural biogas plants. Those using maize silage are characterized by low profit or even a loss on business. This is the consequence of high cost of the starting material (as high as PLN 150/Mg of fresh matter for maize silage) or is connected with high cost of farming and harvesting works and of the silage making process itself. The substrates which could possibly replace maize silage include vegetable waste arising in farms such as rape straw, maize straw, triticale straw, or energy plants such as: cup plant (Silphium perfoliatum), Virginia fanpetals (Sida hermaphrodita), sorghum, or miscanthus [Witaszek et al., 2015a] . The materials are so-called lignocellulosic substrates, mainly consisting of hardly-digestible lignocellulosic fibers ( Figure 1 ). Their lignin component is a polymer composed of monomers in the form of derivatives of phenolic alcohols (coniferyl, sinapyl, and coumaryl alcohols) and it encapsulates cellulose -a decomposable polysaccharide which is composed linearly of molecules of D-glucose and hemicellulose (a non-uniform groups of branched polysaccharides (comprising cellulosans, pentosans, hexosans, according to Schulze) [Witaszek et al., 2015b; Carvalheiro et al., 2008] . Lignin is hardly digestible at all in the anaerobic digestion process, therefore, the anaerobic bacteria have a very limited access to decomposable compounds (cellulose and hemicelluose). Owing to its structure, as described above, the so-called lignocellulosic biomass is very readily floatable in the digester. Moreover, it is characterized by long retention time and a relatively low biogas yield -even though it does have a content of readily digestible compounds. Therefore, it cannot be used in its original form as a substrate in agricultural biogas plants.
Anaerobic digestion is a process comprising four phases which run in parallel: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. In the case of lignocellulosic substrates, hydrolysis is the essential, starting phase during which bacteria and enzymes decompose complex compounds -including celluloses and hemicelluloses to form less complex compounds, such as glucose, mannose, galactose, and xylose [Yang et al., 2015] . However, the hydrolysis of lignocellulosic fibers is a very slow process and is limited merely to compounds which are not encapsulated by lignin as it is not decomposable. Therefore, methods are sought which enable disintegration of lignin and release cellulose and hemicellulose, thus causing the digestion of more substrate and, thereby, lead to higher biogas and methane yields. Mechanical, chemical and biological methods are available. Mechanical processing methods include shredding, extrusion, radiation (ultrasonic, microwaves), steam explosion. Chemical treatment methods include: alkaline and acidic, steam explosion with catalyst, treatment with ionic liquids, treatment with peroxides, oxidation. Biological treatment methods are those including the use of fungi, microbes, enzymes as well as silage making [Zheng et al., 2014] .
In this paper, extrusion was used as a pretreatment method for lignocellulosic biomass. Extrusion is a mechanical-thermal process in which the substrate (lignocellulosic material) is exposed to high temperatures (150-200°C) and variable pressure (max. 20 MPa) for a short time (less than a minute) [Camire, 1998 ]. The process takes place in the extruder, composed of a hopper-feeder, barrel with screw, in which the biomass heating, compression and cutting take place. The extruder barrel may be provided with electric heaters to elevate temperature inside the chamber. The extruder is terminated with a heated or cooled die with a suitable outlet opening, due to which the compressed material expands and changes its structure as it is discharged from the chamber, because of the high difference in pressures in the extruder's chamber and outside [Pęksa, 2011] . This reduces the biomass particle size, breaks the lignocellulosic fibers, and leads to their prehydrolysis [Karunanithy and Muthukumarappan, 2010; Zheng et al., 2014] .
The objective of this research work was to assess the effect of extrusion as a pretreatment method on the biogas and biomethane yield of lignocellulosic substrates, including maize silage and maize straw silage. The values of biogas yields for the substrates before and after treatment were compared. Data on energy efficiency were also analyzed to assess the method's applicability in agricultural biogas plants.
MATERIALS AND METHODS

Substrates and inoculum
The maize silage for use in this work was obtained from the Agriculture and Pomology Research Farm in Przybroda -one of the agricultural experimental farms maintained by the University of Life Sciences in Poznań. The maize straw silage was obtained from a farm in the Wielkopolska region by collecting the maize straw using a forage wagon with cutting knifes. After being shreeded, the maize straw was silaged in a flexible silo. The inoculum was obtained from an agricultural biogas plant, making biogas from maize silage.
Pretreatment -extrusion
The extrusion process was carried out in a short single-screw extruder KZM-2 in which the length-to-diameter ratio of the screw was 6:1 -in the Extrusion Laboratory of the Faculty of Production Engineering, University of Life Sciences in Warsaw. The process was run at the following parameters: temperature in the extruder barrel: 150°C ± 5°C, time of residence of material in the extruder barrel, 45 seconds. Other parameters of the extruder are shown in Table 1 .
Preparation of digestion mixture
The substrate/inoculum digestion mixture was composed in accordance with VDI 4630, providing guidelines on how to carry out the process of digestion of organic materials [Norm VDI 4630, 2006] . According to the standard as well as literature reports [Parkin and Owen 1986] , the author attempted to keep dry organic matter in the inoculum in the range 1.5 to 2% (limitation of organic loading rate), keep dry matter at 10% or less -so the mixture is pumpable in the biogas plant operating conditions, keep pH of the feed before starting the digestion process in the range 6.8 to 7.5. The composition of the digestion mixture is shown in Table 2 . 
Biogas production set-up and procedure
Studies on the biogas yields of substrates pretreated by extrusion were carried out with the use of biofermenters designed in the Institute of Biosystems Engineering. Biogas production as well as biogas and methane yield analyses were carried out in accordance with the German standard DIN 38 414-S8 [Norm DIN 38 414-S8, 1985].
The tests were carried out in 3 repetitions (3 compartments each for maize silage before and after extrusion, 3 compartments each for maize straw silage before and after extrusion, and 3 compartments for the control). A biofermenter with 3 compartments is shown in Figure 2 .
The biofermenters (4) are provided with a water jacket (3), enabling its temperature to be kept at a constant level of 38±2°C by means of a heater (1). The biogas product was stored in tanks filled with a neutral liquid (7) which prevents dissolution of gas in it and of which the level is the lower the more biogas is produced. The obtained gas volume was measured every 24 hours. Pursuant to the provisions of VDI 4630, tests for a given substrate were continued until the daily biogas output fell below 1% of the total amount of biogas. The biogas and biomethane yield for a given substrate were calculated as a difference between the biogas volume obtained from the substrate/inoculum mixture and the gas volume obtained from the inoculum alone (in the control test) [Pilarska et al., 2016] .
Analytical methods
The substrates and inoculum were analyzed according to Polish standards: dry mass/humidity (drier method PN-75 C-04616/01), organic matter and ash (incineration according to the modified PN-Z-15011-3), pH (potentiometric method PN-90/A-75101.06), conductivity (PN-EN 27888:1999), using laboratory meter CP-411 from ELMETRON, and analysis of the content of lignin, cellulose and hemicellulose. The analysis of lignin, cellulose and hemicellulose was carried out in accordance with PN-92/P-50092, using the methodology described by Stolarski et al. [2013] .
Measurements of the concentration of methane, carbon dioxide, sulfur hydride, ammonia and -as control -oxygen in the biogas product were carried out using the gas analyzer from Geotech GA5000. Its operating ranges are as follows: O 2 0-25%, CO 2 0-100%, CH 4 0-100%; NH 3 0-1000 ppm and H 2 S 0-10,000 ppm. The gas monitoring system was calibrated once a week using calibrating mixtures from Air Products.
Energy calculation
The energy balance for the extrusion process was calculated from the formulae (1) and (2) [ Uellendahl, 1998 ]. The amount of additional electric or thermal energy, obtained from a pretreated biomass (E b ) with the mass M b is calculated from the following formula:
where: WEM -value of energy for methane 9.56 (kWh/m 3 ); V CH4 -increase in the amount of methane after substrate treatment (m 3 /Mg d.m.) or, in other words, the difference between the quantities of methane obtained from the substrate before extrusion and after extrusion; M b -mass of treated substrate (Mg); n -energy efficiency of a cogeneration engine, which was 32-48.7%.
The energy consumption by the extruder, E m , was calculated from the following formula: where: E m -electric energy consumed by the extruder (kWh); P -extruder's output power (kW); W -extruder's capacity (Mg/h) Table 3 shows the essential physico-chemical parameters for the substrates used in the experiment -with and without extrusion.
RESULTS AND DISCUSSION
Owing to the extrusion process the dry matter content increased by nearly 9% for maize silage and -much less, by about 2% -for maize straw silage. The changes are the consequence of differences in the original structure of the two plant materials -more specifically a higher water content and the fact that the process of its release from the intercellular space takes place more readily in the case of corn silage. The change in the dry organic matter for maize silage and maize straw silage after extrusion was very slight (increase by 1.22% and 3.52%, respectively). While the pH values for maize silage are comparable, in the case of maize straw the pH shifted towards a slightly acidic range as the result of pretreatment (pH of 8.55 shifted to 6.33). Table 4 is a summary of percentages of the contents of lignocellulosic compounds in the test materials.
The analyses indicate a slight, bidirectional change in the lignin content in the samples as the result of the extrusion. For the maize silage, the extrusion resulted in a decrease in the lignin content by 2.31%. In the maize straw silage after extrusion, the lignin content was 2.69% higher than before. The data in Table 4 indicate that both cellulose and hemicellulose were lower after extrusion. Disintegration of lignin released both types of polysaccharides and led to their predecomposition due to high pressure and temperature (socalled expansion of the material took place).
The effects of changes in the physico-chemical parameters and the content of polymer building materials of the test plant substrates are best seen in the studies on biogas and biomethane yield carried out for each sample. Table 5 shows the cumulative biogas and biomethane yield for the lignocellulosic substrates in terms of fresh matter (m 3 /Mg f.m.) and dry organic matter (m 3 /d.o.m.). A reference of yield to fresh matter is important from the economic and logistic points of view: showing the actual yield of biogas obtained from the material, it is the most practical piece of information for a business person contemplating investment in an agricultural biogas plant. On the other hand, conversion of yield into dry organic matter determines the theoretical yield of a substrate, taking into account its physico-chemical characteristics.
The extrusion process led to higher methane yields for both substrates -only in terms of their fresh matter. In the case of maize silage, the methane yield increased by 16.48%, and for the maize straw silage-by as much as 35.30%. On the other hand, in terms of dry organic matter, the methane volumes obtained from the materials were different: maize silage provided methane in a 11.03% lower amount whereas for maize straw silage, the cumulative methane yield increased by 26.79%. Figures 3 and 4 showing the daily output of biogas (Figures 3a, 4a ) and methane (Figures 3b,  4b ) in terms of fresh and dry organic matter, indicate that the process was running correctly. The shape of the curves corresponding to each substrate demonstrates the successive increase in the biogas and methane yield taking place every day until constant volumes were obtained. In terms of fresh matter, much higher yields were obtained for the materials after hydrothermal pretreatment. During the experiment, pH changes for each test sample were monitored ( Figure 5) . Changes in the pH of each substrate were in the range 7.2-7.8, that is within the tolerable limits for methanogens). Decomposition times for maize silage (both extruded and non-extruded) were same and also the shortest (19 days). A slightly longer biodegradation time was observed for the extrudedmaize straw silage (20 days). The longest time (28 days) was recorded for the non-extruded maize straw silage. In principle, digestion was stable for each system, indicating the correct choice of process parameters and the high buffer capacity of the inoculum. The extrusion process accelerated the decomposition of lignocellulosic substrates; this is valuable information for improving the rate of return for a biogas plant.
In order to assess the cost-effectiveness of pretreatment by extrusion of maize silage and maize straw silage, the energy balance of the process was calculated (energy to be spent on pretreatment, as compared with the digestion process yield), in which formulae (1) and (2) are applied and the parameters shown in Table 6 are taken into account.
The energy balance takes into account biomethane yields in terms of dry organic matter. Moreover, it was assumed that the treated substrate mass (M b ) is 2.4 Mg/d (d -day) -the maximum amount of biomass, resulting from the extruder's capacity (W) of 0.1 Mg/h, extruder's output power (P) with the heating elements' output power of 25 kW, and electrical efficiency of the cogeneration motor (n elec. ) of 48%.
Shown in Table 7 are the values of energy efficiency of the untreated and pretreated substrates as well as the percentage increase in energy and the energy increase in kWh/Mg, while taking into account energy consumption of pretreatment.
Calculations were made which indicate that the energy balance, taking into account pretreat- Table 5 , showing declining energy efficiencies after extrusion for maize silage (in terms of dry organic matter).
Cumulative methane yields were expressed in terms of dry organic matter, also in order to enable the direct assessment of extrusion; it is known to be able to increase the extrudate's dry organic matter due to evaporation of water from the hot material at the extruder's die hole. In the case of maize silage extrudate, the cumulative methane yield was observed to decrease by 11.03 % in comparison with d.o.m., see Table 5 . The undesirable result could be attributed to the loss of organic matter from the material -probably the products of preliminary hydrolysis and/or volatile fatty acids -in the process of extrusion. It should be noted that the maize silage making process is accompanied by the formation of considerable amounts of fatty acids, especially lactic acid, which tend to evaporate from the extrudate at the die hole due to high temperature conditions prevailing in the extruder barrel [Bezabih and Tamir, 2014] . The hypothesis has not yet been confirmed in literature reports, therefore, the effect of extrusion on the amount of volatile fatty acids in the extrudate remains to be investigated.
In the case of pretreated maize straw, the cumulative methane yield increased by 26.79%. The substrate's extrusion led to much more desirable effects: lower pressure after leaving the extruder and the effect of the extruder's screw resulted in the maize straw silage having a larger active area (as the material expanded) and partial hydrolysis of cellulose and hemicellulose. Cellulose at high temperatures is hydrolyzed to glucose, while hemicellulose to xylose, mannose and galactose [Pérez et al., 2002] . All of these, being monosaccharides, are easily and effectively decomposed, providing considerable amounts of methane.
In literature, there are reports of works describing the results of studies on the extrusion of plant substrates such as sorghum, straw, grass, and maize silage, and its impact on biogas yields for all these substrates. In studies reported by Menardo et al. [2015] , extrusion of rice straw mixed with maize silage and triticale silage resulted in an increase in the methane yield by 15.7%, whereas the electric energy efficiency increased from 13.4 to as much as 40.2 kWh el per ton of fresh matter. The author of the above studies postulates that the phenomenon was due to the fact that the long fibers present in rice straw were more-finely shredded. Extrusion also had a positive effect on degradation of cellulose and hemicellulose, thus increasing the biogas yield. Panepinto and Genon [2016] , reporting their studies on the methane yield obtained from maize silage after treatment by extrusion in a working biogas plant, found that methane yield had increased to 15%, and electric energy did to 6.5%. This was attributed by the authors mainly to the fact that the pretreated substrate had increased its specific area. The authors believe that studies on the effect of extrusion on the substrate's biogas yield should be continued because the pretreatment method provided desirable results and reports on similar studies are rather scarce. Such studies in future should include a larger number of substrate types because the results seem to indicate that the effect of extrusion on biogas yield depends on substrate type, among other things.
CONCLUSIONS
The values of biogas and biomethane yield of selected plant substrates were verified. The studies included maize silage and maize straw silage after pretreatment by extrusion prior to anaerobic digestion. The results were compared with the amounts of biogas and methane produced in anaerobic digestion of the same though non-extruded materials.
In terms of fresh matter, the amount of methane increased by 16.48% for maize silage and by as much as 35.30% for maize straw silage in comparison with the non-extruded substrates. In terms of dry organic matter, worse yields were obtained for maize silage (decrease by 11.03%,) in contrast to maize straw silage where the yields increased desirably by 26.79% in comparison with the non-extruded samples. Such undesirable changes in yields for maize silage in terms of dry organic matter were probably attributable to the loss of organic matter in the extrusion processproducts of preliminary hydrolysis and/or volatile fatty acids.
The energy balance calculations do not seem to indicate an unambiguously desirable effect of extrusion on the total amount of energy produced -in relation to energy consumed in the extrusion process for the two test substrates. The energy bal-ance was negative (-553.2 kWh/Mg; -13.21%) for maize silage and positive for maize straw silage (678.4 kWh/Mg; 33.49%). This indicates that further studies on the subject are required -both for investigating the effect of various extrusion process conditions on the efficiency of energy production from a given substrate and for exploring the possibility to use other substrates with a view to selecting the most efficient one.
